Single crystals of TaAl 3 were grown at high temperatures from an Al-rich, binary solution. TaAl 3 adopts the D0 22 structure type, space group I4/mmm with a = 3.8412(5) Å, c = 8.5402(17) Å, and Z = 2. The structure type, which is the preferred structure for all group 5 trialuminides and TiAl 3 as well as the high-temperature form of HfAl 3 , is a binary coloring of the face-centered-cubic (fcc) arrangement. The distribution of Ta atoms creates a three-dimensional network of vertex and edge-sharing square pyramids of Al atoms. Temperaturedependent electrical resistivity and magnetic susceptibility measurements are consistent with TaAl 3 being a metallic compound with a relatively low density of states at the Fermi surface. Furthermore, tight-binding electronic structure calculations are utilized to describe the bonding in these compounds and to compare their stability with respect to the alternative fcc-related, e.g., the D0 23 (ZrAl 3 -type) and the L1 2 (AuCu 3 -type), structures. A modified Wade's rule argument provides insights into the structural preferences. Single crystals of TaAl 3 were grown at high temperatures from an Al-rich, binary solution. TaAl 3 adopts the D0 22 structure type, space group I4/mmm with a ) 3.8412(5) Å, c ) 8.5402(17) Å, and Z ) 2. The structure type, which is the preferred structure for all group 5 trialuminides and TiAl 3 as well as the high-temperature form of HfAl 3 , is a binary coloring of the face-centered-cubic (fcc) arrangement. The distribution of Ta atoms creates a three-dimensional network of vertex and edge-sharing square pyramids of Al atoms. Temperature-dependent electrical resistivity and magnetic susceptibility measurements are consistent with TaAl 3 being a metallic compound with a relatively low density of states at the Fermi surface. Furthermore, tight-binding electronic structure calculations are utilized to describe the bonding in these compounds and to compare their stability with respect to the alternative fcc-related, e.g., the D0 23 (ZrAl 3 -type) and the L1 2 (AuCu 3 -type), structures. A modified Wade's rule argument provides insights into the structural preferences.
Introduction
Trialuminides of transition and rare earth elements have received a lot of industrial interest for high-temperature applications, e.g., in aerospace concerns, because they offer low densities, high melting points, and large elastic moduli. 1 However, applications have been limited because they tend to be brittle, indicative of significant covalent-type bonding within the intermetallic structure. In addition to hightemperature applications, aluminum-rich intermetallics have shown tendencies to form quasicrystalline structures 2 and polar intermetallic characteristics. 3 Polar intermetallics are identified by analysis of electronic structure calculations that often show pseudogaps at the Fermi level in the density-ofstates (DOS) curve as well as maximum metal-metal bonding interactions as quantified by overlap populations. 4 With high-temperature applications of the trialuminides in mind coupled with their brittleness, Freeman and co-workers published a series of articles analyzing the structural stability and electronic structure of various trialuminides, in which they concluded that a simple rigid band approximation is adequate to describe the structural stability of the so-called p-d covalent trialuminides. 5 As part of an ongoing project to explore the properties of rare earth Ta-Al compounds, single crystals of TaAl 3 were grown so as to determine the appropriateness of Al as a solvent. This paper reports the synthesis of TaAl 3 , the redetermination of its crystal structure by single-crystal X-ray diffraction, and an analysis of its physical properties, electronic structure, and chemical bonding from a different viewpoint than found in earlier publications.
Experimental Section
Synthesis. TaAl 3 was synthesized from the elements Ta (99.999%; Ames Laboratory) and Al (99.98%; Alfa) using the high-temperature metallic solution growth method. 6 To study the use of aluminum as a flux for reactions involving Ta, numerous compositions ranging from Ta 0.01 Al 0.99 to Ta 0.10 Al 0.90 were examined. The elements were combined in a 2 mL alumina crucible, which was placed into a fused silica tube, and a second crucible, filled with SiO 2 wool, was placed inverted on top of the first. The fused silica tube was subsequently sealed under 0.2 atm Ar and placed into a box furnace. The mixtures were heated to 1190°C in 3 h, allowed to dwell at 1190°C for 2 h, and then cooled to 800°C over 90 h. The reaction was removed from the furnace at 800°C, and the excess liquid was decanted. Upon examination, silver platelike crystals TaAl 3 were found. Optimal specimens for single-crystal X-ray diffraction experiments were isolated from the composition Ta 0.02 Al 0.98 .
Crystallographic Studies. Room temperature (ca. 300 K), X-ray diffraction data of a single crystal of TaAl 3 were collected using a Bruker SMART Apex CCD diffractometer with Mo KR radiation (λ ) 0.710 73 Å) and a detector-to-crystal distance of 5.08 cm. Data were collected in a full sphere and were harvested by collecting three sets of frames with 0.3°scans in ω for an exposure time of 10 s per frame. The range of 2θ extended from 3.0°to 56.0°. Data were corrected for Lorentz and polarization effects through the SAINT program; 7 absorption corrections were based on fitting a function to the empirical transmission surface as sampled by multiple equivalent reflections (program SADABS 7 ).
Unit cell parameters were indexed by peaks obtained from 90 frames of reciprocal space images and then refined using all observed diffraction peaks after data integration. Together with systematic absences, the space group I4/mmm (No. 139) was selected for subsequent structural analysis. The structure solution was obtained by direct methods and refined by full-matrix leastsquares refinement of F o 2 using the SHELXTL 5.12 package (see Table 1 ).
Property Measurements. Magnetization measurements were performed in a Quantum Design MPMS-5 SQUID magnetometer (T ) 1.8-350 K, H max ) 55 kG). To acquire a reasonable signalto-noise ratio, several single crystals of TaAl 3 were placed on a piece of Mylar tape which was subsequently mounted on a straw. The Mylar tape alone was also measured, and then subtracted from the sample plus Mylar data to account for any background effects the Mylar tape could have caused. The average error associated with the susceptibility measurements is roughly 20-25%. This is higher than usual because TaAl 3 produces a very small signal.
Temperature-and field-dependent resistivity measurements were obtained on a single crystal (1.0 × 0.2 × 0.5 mm 3 ) using a standard four probe technique. The electrical resistance in zero and applied field was measured using the ACT option of a Quantum Design PPMS-9 instrument (f ) 16 Hz, I ) 1-3 mA) for an arbitrary in-plane direction of the current. Error in the resistivity measurements was small. Most of the error resulted from the uncertainty in the crystal dimensions, which was approximately 5% in each direction. Magnetoresistance was measured in a transverse geometry, i.e., magnetic field perpendicular to the current.
Electronic Structure Calculations. Tight-binding linear muffintin orbital calculations using the atomic sphere approximation (TB-LMTO-ASA) were performed on TaAl 3 using the LMTO47 program 8 to analyze the chemical bonding and provide insights into its observed structure. Exchange and correlation were treated in a local density approximation. 9 All relativistic effects except spinorbit coupling were taken into account using a scalar relativistic approximation. 10 The basis set consisted of s, p, d, and f functions for Ta (R WS ) 1.64 Å) and s, p, and d functions for Al (R WS ) 1.46 Å for Al1; 1.55 Å for Al2). Due to the nearly close-packed arrangement of atoms in this and related structures, no empty spheres were needed to achieve convergence, and the overlap criterion between Wigner-Seitz spheres was set to a maximum of 16%. k-space integrations used the tetrahedron method 11 with 150 k-points within the first Brillouin zone to calculate the energy densities of states (DOS) and crystal overlap Hamiltonian population (COHP) curves. 12
Results and Discussion
Structure. The structure of TaAl 3 is a binary coloring of the face-centered-cubic arrangement of atoms, and given the Strukturbericht designation D0 22 . 13 This particular binary coloring creates a body-centered tetragonal unit cell with c/a ) 2.22. Tables 2, 3 , and 4 contain, respectively, positional parameters, thermal displacement parameters, and relevant bond distances. Figure 1 illustrates a projection of its crystal (6) 0.750 and -0.639 planar square nets, related by displacement along (1/2)a, along the c direction with a shift of (1/2)a + (1/2)b for every pair. In this way, the body-centered tetragonal unit cell is created. From a different viewpoint, the arrangement of Ta atoms creates a network of Al atoms that consists of vertexand edge-sharing square pyramids, which is highlighted in Figure 2 . The remainder of this figure illustrates how this description provides a structural chemical distinction between the structure of TaAl 3 and the related structures of the cubic AuCu 3 (Strukturbericht designation L1 2 13 ) and tetragonal ZrAl 3 types (Strukturbericht designation D0 23 13 ). Among trialuminides, LuAl 3 adopts the cubic AuCu 3 type, while the tetragonal ZrAl 3 type is the high-temperature form for HfAl 3 . In LuAl 3 the Al network involves octahedra sharing vertexes in all three directions. The tetragonal ZrAl 3 may be described as a 1:1 intergrowth structure of the cubic AuCu 3 type and tetragonal TiAl 3 type with respect to the (001) planes of atoms.
An important feature of the TaAl 3 structure is that the c/a ratio exceeds 2.0, which is the ideal value if the face-centered atomic arrangement remained. The elongation of the c axis with respect to the a and b axes causes shorter Ta-Al and Al-Al distances in the ab plane than along the c direction.
Physical Properties. The temperature-dependent magnetic susceptibility for TaAl 3 at 0.5 T is shown in Figure 3 . The inset shows a plot of magnetization verses field at 2 K. The overall behavior of the field-dependent magnetization at 2 K is paramagnetic. The 0.5 T susceptibility measurement exhibits Pauli-like paramagnetic behavior with slight temperature dependence. The feature near 50 K is associated with the so-called "oxygen peak" common for Quantum Design magnetometers in the case of very small signals, and is not intrinsic to the TaAl 3 sample.
Temperature-dependent zero-field resistivity curves for TaAl 3 are shown in Figure 4 . Figure 5 shows a plot of fielddependent resistivity at T ) 2 K. The inset shows a plot of ln(F -F o ) vs ln H between 5 and 9 T, where F o is the 
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resistivity at zero field. The resistivity has expected metallic character with the residual resistance ratio RRR ) R(300 K)/R(2 K) equal to 3.3. The resistivity of TaAl 3 increases by approximately 70-75% in an applied field of 9 T, and follows the power law F -F o ) H R , where R ) 0.79, which was extracted from the equation ln(F -F o ) ) R ln H. This functional behavior differs drastically from F -F o ) H 2 that is expected and seen in a number of simple metals 14 and, together with the rather large magnetoresistance, may deserve detailed investigation. Calculated Electronic Structure. The calculated density of states (DOS) with the projection of Al valence orbitals is shown in Figure 6 . The Fermi level, indicated by the dashed line, falls near a deep minimum in the DOS curve. This low density of states at the Fermi level is consistent with the small magnetic susceptibility as well as the results of a recent NMR study on TaAl 3 . 15 Analysis of the orbital interactions via the crystal orbital Hamilton population (COHP) indicates that both the Al-Al bonding and Ta-Al bonding are optimized. Levels near the Fermi level show Al-Al nonbonding character, while the Ta-Al bonding sharply changes from bonding to antibonding and seems to be the most influential in controlling this structure.
In Figure 7 , the DOS and -COHP curves for TaAl 3 in the AuCu 3 -type and ZrAl 3 -type structures are shown. Clearly, the DOS and -COHP curves resemble those for the observed structure (see Figure 6 ), but the corresponding Fermi levels do not fall at minima in these DOS curves. Table 5 summarizes the results of computations on the three structure types. We present results for TaAl 3 in its actual structure (c/a ) 2.22) and for an idealized model at the same unit cell volume but where c/a ) 2. It is noteworthy that the calculated COHP values for the inequivalent Ta-Al and AlAl bonds in the idealized model structure agree with the observed distortionsthe COHP values for bonds in the ab plane are more negative (larger) than for those bonds with components along the c direction. These COHP values suggest stronger orbital interactions in the ab plane, which leads to shorter distances than those along the c axis. The results in Table 5 and Figure 7 also confirm the earlier calculations reported by Freeman and co-workers that the stability of these trialuminides follow a rigid-band argument.
In the D0 22 structure type of TaAl 3 , there are two inequivalent crystallographic sites for Al atoms. These are highlighted in Figure 1 by the shaded and unshaded Al sites. According to Table 5 accumulates a lower valence electron density than the Al2 sites. Therefore, novel ternary compounds could be targeted with this structure that could lead to interesting properties for intermetallic compounds, e.g., semiconductivity 16 or halfmetallic ferromagnetism. 17 For example, the Al2 sites would be more energetically attractive for electronegative metal atoms such as Gaspreliminary electronic structure calculations on a hypothetical "TaAlGa 2 " indicate an energy gap at the Fermi level. Furthermore, earlier electronic structure calculations on Fe-or Zn-doped TiAl 3 and NbAl 3 did show enhanced stability of the cubic L1 2 structure, but did not address the atomic arrangements. 18 Synthetic efforts to prepare novel ternary analogues of these structures are currently underway.
The network description of these structures begs the use of a Wade's rule argument to understand these structures. Vajenine and Hoffmann have elucidated "magic electron counts" for networks of vertex-sharing aluminum octahedra using extended Hückel theory.
19 According to Wade, 20 an isolated octahedral cluster of main group elements requires 26 valence electrons: 12 belong to the six lone pair orbitals directed radially away from the cluster center; 14 belong to seven skeletal bonding orbitals, which may be divided into two electrons in one bonding radial orbital and 12 electrons in six bonding tangential orbitals. In the cubic AuCu 3 -type structure observed for LuAl 3 , there is a three-dimensional (3D) network of vertex-sharing octahedra. Vajenine and Hoffmann demonstrated via the band structure and an overlap population analysis by taking into account first and second nearest neighbor Al-Al interactions that eight valence skeletal electrons are required for the cubic Al network in the structure of LuAl 3 .
There is another, simpler way to reach this value (see Figure 8 ): the cubic network of vertex-sharing octahedra can be created by bringing [Al 6 ] octahedra together into a fcc array. This arrangement creates larger octahedra between the clusters. When the unit cell edge equals 2 × 2 times the Al-Al distance in a cluster, the sizes of the two octahedra are identical and the 3D cubic network found in LuAl 3 occurs. Upon forming the fcc array, six lone pair orbitals will create six skeletal radial orbitals in the newly forming octahedrasonly one of these (the a 1g combination) will create a bonding orbital. Therefore, as the fcc network forms, the two octahedral units have 14 and 2 skeletal bonding electrons. When the two octahedra achieve equal sizes, then there can be no more than 16 skeletal bonding electrons distributed among the two clusters. That is, there will be eight skeletal bonding electrons per octahedra. Vajenine and Hoffmann also showed that the number of skeletal electrons per cluster that is optimal for Al-Al bonding in a twodimensional sheet of vertex-sharing octahedra is 10. Again, as seen in Figure 8 , the network of square pyramids in TaAl 3 involves layers of vertex-sharing square pyramids. Since the octahedron and square pyramid require the same number of skeletal bonding electrons, we conclude that by nature of the construction of this structure, 10 skeletal electrons per formula unit optimizes Al-Al bonding. This is borne out in the overlap population curve for this structure.
As a final point, we will address the orbital interactions between the metal atom and the Al network in the two alternatives: the AuCu 3 type and the TiAl 3 type. The site symmetry for the metal atom in each structure is, respectively, O h and D 4h and the coordination environment is a cuboctahedron. In the cubic structure, the valence d orbitals will split into e g and t 2g sets of orbitals. At the Γ point, the e g orbitals are stabilized by mixing with a cluster e g orbital from the Al 3s orbitals; the t 2g orbitals remain completely nonbonding. At the R point, the e g orbitals are stabilized by mixing with a cluster e g orbital from the Al 3p orbitals; the t 2g orbitals are destabilized by mixing with a cluster bonding t 2g orbital from the Al 3p orbitals. structure, the metal e g orbitals lie among the occupied orbitals through M-Al bonding overlap. In the tetragonal structure, the d orbitals split in a similar fashion because the coordination polyhedra is nearly cuboctahedral, and the "e g -like" orbitals also lie among the occupied orbitals. Therefore, the cubic AuCu 3 structure for MAl 3 achieves optimum bonding for 12 valence electrons (eight electrons for the Al network + four electrons in the M e g orbitals), whereas the tetragonal TiAl 3 structure achieves optimum bonding for 14 valence electrons (10 electrons for the Al network + 4 electrons in the M "e g " orbitals). Further investigations of the electronic structures of various other 3D networks of main group polyhedra are underway.
Conclusions
TaAl 3 grows in an Al flux and provides optimal samples for single-crystal X-ray diffraction at ca. 2 at. % Ta in Al. The crystal structure adopts the tetragonal TiAl 3 structure type (D0 22 type) with two distinct sites for Al atoms. These two sites allow targeting possible new ternary (pseudobinary) intermetallic compounds that may show semiconducting behavior for a close-packed structure. Finally, the structures of TaAl 3 and related covalent trialuminides can be described using modification of Wade's rules.
